Analysis of binding energy hot spots at protein surfaces can provide crucial insights into the prospects for successful application of fragment-based drug discovery (FBDD), and whether a fragment hit can be advanced into a highaffinity, drug-like ligand. The key factor is the strength of the top ranking hot spot, and how well a given fragment complements it. We show that published data are sufficient to provide a sophisticated and quantitative understanding of how hot spots derive from a protein 3D structure, and how their strength, number, and spatial arrangement govern the potential for a surface site to bind to fragment-sized and larger ligands. This improved understanding provides important guidance for the effective application of FBDD in drug discovery.
In FBDD, a target of interest is screened against a library of low molecular weight, weak-binding compounds called 'fragments', with the best fragment hits subsequently being elaborated into larger, higher affinity ligands [1] [2] [3] . Fragment libraries generally comprise compounds of molecular weight (MW) 150-250 Da, substantially smaller than compounds used in traditional highthroughput screening (HTS). Since the number of theoretical compounds increases exponentially with MW, screening smaller compounds enables a more efficient exploration of chemical space [4] . Thus, compared with conventional HTS, fragment screens require testing of many fewer compounds to establish the binding potential of the target and to identify initial hits. In addition, it is easier to find a small molecule that complements a particular subsite within a binding site than a larger molecule that is complementary to the entire site; thus, FBDD usually yields higher hit rates than HTS. The key trade-off inherent in fragment screening is that, as a result of the small size of the compounds, even a fragment that is optimally complementary will interact with the target protein over a limited contact area, and thus fragment hits are generally weak, with binding affinities of 1 mM being typical. A variety of approaches can be used to detect the binding of these weak ligands, including protein-ligand NMR [5, 6] and X-ray crystallography [3, 7, 8] . Several companies have acquired substantial experience with these approaches and have developed efficient technologies for screening libraries of fragment size compounds. Over the size range of typical fragments and drugs the interaction energy of appropriately complementary compounds with a protein target grows approximately linearly with compound MW [9] . Affinities of different-sized fragments and related compounds are therefore usually compared in terms of their ligand efficiency (LE), defined as the binding free energy per heavy (i.e., nonhydrogen) atom in the ligand [10] . The goal of an initial fragment screen is thus to identify compounds with high LE values, generally 0.3 kcal/mol per heavy atom. The next step in FBDD is to evolve such core fragments into larger, higher affinity leads, which generally involves extension of the fragment into neighboring pockets, as well as sometimes requiring optimization of the initial fragment hits to achieve better complementarity to its binding subsite [2, 11, 12] .
Trends
Binding energy hot spots, smaller regions of binding sites that contribute a disproportionate amount to the free energy of binding any ligand, can be determined computationally from ligand-free structures of protein targets.
Analysis of binding hot spots provides insights into the likelihood of success in identifying fragment hits, and the prospect that a particular fragment hit can be advanced into a high-affinity, druglike ligand.
The strength of the top-ranked hot spot CC1 determines what fragment hit rate can be expected.
The degree of overlap with the top hot spot determines whether a fragment hit has a binding mode that is robust enough to facilitate elaboration into a higher affinity ligand.
The presence of secondary hot spots close to CC1 is additionally required to support binding of a full-sized ligand with high affinity for the target, and the strength, number, and spatial arrangement of hot spots determine the potential binding modes.
In this review, we show that knowledge of binding energy hot spots, defined as regions of the binding site that are major contributors to the binding free energy [13, 14] , provides useful information for both stages in FBDD. As will be discussed, if the structure of a target protein is known, the hot spots can be identified by experiments or, very easily, by computation. In particular, we show that hot spots help to answer a number of important questions. First, is a particular target suitable for FBDD? Second, is a given fragment library suitable for the target? Third, if a fragment hit is identified, is its binding mode sufficiently robust for the hit to be used as the core of a higher affinity ligand? Fourth, if several fragment hits are found, which can be the better starting point? Fifth, what is the chance that a given fragment hit can be extended into a potent, rule-of-five compliant ligand? To answer these questions we will discuss how hot spots can be identified, and show how the hot spot structure of a protein affects the binding of fragments and of larger ligands.
Binding Energy Hot Spots
The concept of binding energy hot spots was originally introduced in the context of mutating interface residues to alanine at protein-protein or protein-peptide interfaces [15] [16] [17] [18] . Using this method, a residue is considered to contribute to a hot spot if its mutation to alanine gives rise to a substantial drop in binding affinity. Early on it was proposed that hot spots identified by alanine scanning might correspond to regions with the potential to also interact strongly with small molecule ligands [15] , and much subsequent work has established that this is indeed the case [13, 14, [19] [20] [21] [22] [23] [24] [25] [26] . Of particular relevance to FBDD, it has been shown that individual hot spots are characterized by their ability to bind a variety of fragment-sized or even smaller organic molecules [5, 21, 27, 28] . In addition to its use in finding ligands, therefore, fragment screening also provides a direct method for identifying hot spots, when the screen is done using a structural technique such as X-ray crystallography [22, 27, 28] or NMR [21] that can identify the locations on the protein surface where the probes tend to bind (Box 1). Determining binding hot spots by crystallographic or NMR-based fragment screening requires specialized expertise and infrastructure, however, and its applicability can be limited by physical constraints of the protein of interest. Hence, several computational approaches have been developed to predict fragment binding and identify hot spots. These include the classical methods GRID [29] and Multiple Copy Simultaneous Search (MCSS) [30] (Box 1). In this review, we use the more recent FTMap algorithm [23, 31] , which will be described in more detail later. All these methods are computational analogs of the X-ray and NMR-based screening experiments, and use individual functional groups or small organic molecules to probe the protein surface and identify regions that are capable of binding multiple probe types. Box 
Methods for Determining Binding Energy Hot Spots
In the multiple solvent crystal structures (MSCS) method, X-ray crystallography is used to determine the structure of the target protein soaked in aqueous solutions of six to eight organic solvents used as probes. By superimposing the structures, regions that bind multiple different probes can be detected [27, 28] . While individual probes may bind at a number of locations, their clusters indicate binding hot spots. Similarly, in the SAR with the NMR method, proteins are immersed in a series of small organic molecules, and perturbations in residue chemical shifts are used to identify residues that participate in small molecule binding [21] . It was shown that the small 'probe' ligands cluster at hot spots, and that the fragment hit rate predicts the importance of the site, as determined by whether the site was subsequently shown to be able to support the binding of the high-affinity ligand [21, 27] . Computational methods for identifying hot spots include the classical methods GRID [29] and MCSS [30] , as well as the more recent FTMap algorithm [23, 31] , which is described in detail in the main text. All these methods are computational analogs of the X-ray and NMR-based screening experiments, and use individual functional groups or small organic molecules to probe the protein surface and identify regions that are capable of binding multiple probe types. More recently, mixed molecular dynamics (MD) has emerged as a promising approach to protein mapping. The method performs MD simulations of the target in an aqueous solution of probe molecules [86] [87] [88] [89] . While the use of explicit water molecules potentially improves the accuracy of simulations, it also reduces the diffusivity of the probes, and hence it is frequently questionable whether equilibrium distribution can be achieved on reasonable timescales. In addition, as a result of the need for long simulations, current mixed MD methods explore binding properties using only a few probe types, which is likely to limit the reliability of hot spot prediction. However, with the increase of computing power, mixed MD may become an important tool for determining hot spots of proteins.
The main shortcoming of GRID [29] and MCSS [30] is that the very small probes bind in many different pockets, resulting in a large number of false-positive local minima [27, 32] . Using better solvation models, better sampling of the protein surface, and clustering the probe positions, the FTMap algorithm has overcome this problem, and has been shown to provide robust prediction of binding hot spots, with excellent agreement with experimental data [23, 31] . The standard probe set of FTMap includes 16 small organic molecules [31] . For each probe type, the interaction energy between the probe and protein is calculated on a dense rotational/translational grid around the protein, a number of low energy positions are retained and are further refined by using a higher resolution energy function, accounting for probe and protein flexibility. The resulting structures are clustered, and the clusters are ranked by average energy. The results obtained using each of the 16 different probes are then overlaid. At a few locations of the protein, multiple highly ranked probe clusters can be seen to overlap, forming consensus clusters (CCs) that identify the binding hot spots [23, 25, 31] . The CC containing the largest number of probe clusters, denoted as CC1, is considered the main or primary hot spot; all other CCs are secondary hot spots. One advantage of using hot spots to evaluate the binding potential of a protein is that hot spot locations are less sensitive to conformational change than is the shape of the binding site itself, enabling the locations and energetic importance of binding sites to be identified by analysis of almost any available structure of a protein of interest, including ones without a bound ligand [26, [33] [34] [35] . An additional advantage of FTMap is that the algorithm has been implemented in an easy to use server i [31] .
Hot Spots and Fragment-Based Drug Discovery
There is a close relationship between FBDD and hot spots, as the latter are essentially defined as sites that are capable of binding fragment-sized or even smaller probe molecules. This has two fairly straightforward consequences. First, if a protein does not have any strong hot spot, it will not produce a significant hit rate in an experimental fragment screen. It has been shown that fragment hit rate is a reliable indicator of whether a protein is capable of binding a drug-like ligand with high affinity [21] . The relationship between hot spots and druggability has since been explored by several computational methods [23, 25, [36] [37] [38] . In particular, we have previously established that, when using 16 probe types for the mapping, the sites that are known to be druggable invariably contain a strong hot spot containing 16 or more probe clusters [24, 39] . Second, since the primary hot spot is the location with the highest binding potency for small molecules, we expect that fragment hits are most likely to bind at this site. As shown earlier [40] and demonstrated by further examples in the current review, for the majority of proteins this is really the case.
The second stage of FBDD, in which an initial fragment hit is elaborated through medicinal chemistry into a larger and stronger binding lead compound, relies on the premise that the interactions between a fragment hit and the protein are sufficiently strong and specific that the fragment binding mode will be robust and thus will be conserved as the fragment is grown. Put another way, it is assumed that a fragment will bind in the same orientation whether on its own or as a moiety of a larger ligand [41] [42] [43] . Successful case stories of FBDD, such as those reviewed later, demonstrate that this assumption often applies. However, studies in which a larger ligand has been deconstructed into its component fragments, and their binding characterized experimentally, indicate that conservation of binding mode is not always seen. In some such studies, the fragment positions remain invariant when the rest of the ligand is removed. Examples include the conservation of dimethylguanylurea in a series of dimethylguanylurea-containing peptides from decomposition of the natural product argifin [44] , deconstruction of inhibitors of the SH2 domain of pp60 Src [45] , and of inhibitors of the interaction between the von Hippel-Lindau (VHL) complex, and the hypoxia-inducible factor 1/ (HIF-1/) [46] . However, other studies show that the binding mode of a component fragment is not necessarily conserved upon the deconstruction of a larger ligand. For example, Krimm and colleagues have shown that fragments resulting from the dissection of Bcl-xL inhibitors all shift to bind at a single site, irrespective of their bound positions in the full-sized inhibitors [47] . Similarly, Babaoglu and Shoichet considered three fragments of a b-lactamase inhibitor, and showed that all three changed location compared with their binding positions in the original inhibitor [48] . More recently, Shoichet and colleagues [49] deconstructed substrates of six enzymes from three different superfamilies into 41 overlapping fragments, and showed that even fragments containing the key reactive group had little activity, and that most fragments did not bind measurably until they captured most of the substrate features. Furthermore, deconstruction of some well-optimized ligands into fragments reveals that no individual fragment binds with any observable affinity. For example, small fragments of an MDM2/p53 inhibitor Nutlin do not bind to any detectable degree, and the smallest one that does has an MW greater than 300 Da, exceeding the usual size range for fragment libraries [50] .
Recent work has shown that whether a target will be druggable (i.e., whether it will bind fragments at all) depends to a significant degree on the strength of the primary hot spot, CC1. Targets that lack a primary hot spot of sufficient strength are not suitable for FBDD, and have poor overall prospects for inhibitor development by any means [21, 27] . The FTMap analysis used to derive these results was based on mapping the ligand-free proteins, allowing druggability to be assessed for any target that has been crystallized even before investing time or resources into lead discovery [39] . Whether a bound fragment will have a robust binding mode also depends largely on CC1. Specifically, a fragment hit will retain its binding mode if it binds at CC1, provided it overlaps well enough with CC1 to efficiently exploit the potential of this site to generate noncovalent interaction energy [51] . By contrast, if a fragment binds at a site other than CC1, there is no guarantee that it will remain at that position upon further elaboration. To better define this condition, we formulated a quantitative measure of the degree of spatial overlap of a bound fragment with CC1, as described in Box 2. This condition implies that FBDD may be more difficult even for a druggable target if its main hot spot is too large and diffuse to fill with a fragment size compound. A large hot spot of this type will facilitate the binding of various fragments, resulting in high hit rate, but the binding mode is unlikely to be conserved because any fragment occupies only a fraction of the major hot spot and thus alternative binding modes within CC1 may be accessible. More generally, it appears that a sufficient number of interactions across a compound are needed to fix the binding pose. If such interactions are not available for a fragment, altering its structure may change its binding pose, which thus provides uncertain information for the design of larger ligands. While this does not imply that the target is unsuitable for FBDD, the second step of the method can be more difficult. To support this hypothesis, we refer to a study by the Shoichet group, who screened a fragment library for binding to AmpC b-lactamase, which has a large and diffuse primary hot spot [52] . Although they reported high hit Box 
Conditions for Conservation of Fragment Binding Mode
The primary hot spot CC1, determined by the consensus cluster (CC) that contains the highest number of probe clusters, provides a large fraction of free energy toward binding any ligand at the particular site. In agreement with the key role of this hot spot, it was shown that a fragment hit retains its binding mode if it overlaps with a large enough fraction of CC1, and thus can efficiently exploit the potential interaction energy that this site provides [51] . If the fragment binds to a location outside CC1, or within CC1 but without achieving sufficiently high overlap, there is no guarantee that it will remain at that position upon expansion of the fragment into a larger ligand. Similarly, a moiety of a larger ligand must satisfy this condition of overlap with CC1 to ensure that it will retain its position when tested as a separate molecular fragment. To make the condition more quantitative, fractional overlap, denoted as FO, was proposed as a quantitative measure of the degree of spatial overlap between a fragment and CC1. FO is defined by FO = N F /N T , where N T denotes the total number of nonhydrogen atoms of all probe molecules in CC1, and N F is the number of such atoms that are within 2 Å from any nonhydrogen atom of the fragment in its bound position. Thus, FO measures the fraction of CC1 occupied by the fragment, weighted according to the energetic importance of each region within the hot spot as measured by the local density of probe atoms [51] . It was shown that if a fragment binds at the primary hot spot, has an FO > 0.8, and has acceptable ligand efficiency (LE > 0.3) [40] , then its binding mode is very likely conserved upon extension. If a number of fragment hits are found, the one with higher FO is likely to be the better candidate for expansion, unless there is substantial difference in LE values.
rate, the bound fragment positions showed substantial variation, providing limited information for the design of higher affinity inhibitors and, in fact, no such inhibitors were found. The same condition can also be used to assess whether a fragment library is likely to be suitable for a particular target. Commercial fragment libraries generally contain flat heterocyclic compounds with MW = 100-250 Da, and this size range may be too restrictive for a protein that has a large primary hot spot. Again, we emphasize that screening with the small planar fragments is likely to result in high hit rate, but expanding these hits into higher affinity leads may be more difficult, and hence using a library with fragments that are comparable in size and shape to the primary hot spot may be a better choice. However, since larger fragments explore a smaller fraction of the chemical space [53] and generally reduce the hit rate, selecting the most efficient fragment library always requires a compromise.
In discussing the use of hot spot information in FBDD, we have so far focused on CC1, which is clearly important for determining both the druggability of the target and the stability of the binding mode of the core fragment, and thus for deciding whether it can be the starting point for expansion. The importance of secondary hot spots is that they provide information for fragment expansion. As shown later, CC1 together with the secondary hot spots in its vicinity serve as anchor points for the binding of any ligand. While ligands can extend to regions of the protein that do not have a hot spot, the gain in terms of binding affinity is small, and hence FBDD should utilize the available hot spots as much as possible. It is also clear that interactions with regions between hot spots provide limited benefit, and hence hot spots close to CC1 are generally more important for extending the core. Based on the analysis of hot spots for a number of drug targets, we observed that to bind a rule-of-five compliant compound with high affinity, at least one secondary hot spot should be closer than 8 Å to CC1. Bridging a larger distance will require compounds of MWs in excess of 500 Da, typically achievable only using compounds that are not conventionally drug-like, such as macrocycles or peptidomimetic foldamers. Mapping may show a need for such larger ligands even for targets that have secondary hot spots within 8 Å of CC1 if these are all relatively weak, and hence achieving acceptable binding affinity requires ligands that also reach hot spots located farther from CC1. This occurs in a substantial number of protein-protein interaction targets that frequently have three or four relatively weak hot spots at the interface [24] .
As already mentioned, hot spots are generally less sensitive to conformational changes than binding sites are, and hence the druggability of most targets can be assessed by mapping ligand-free structures [39] . However, ligand binding may affect the location and relative strength of hot spots [34, 39, 54] , and hence it is advisable to also map ligand-bound structures when they become available in the process of drug discovery. For example, the ligand-free structure of BclxL has three strong hot spots close to each other in the pocket that binds L578 of the BAK peptide [47] , and it was shown that fragments of known inhibitors all bind at this single site. However, the hot spots move much farther apart upon binding the BAK peptide or the inhibitor ABT737 [55] , requiring the design of inhibitors with a MW greater than 600 g/mol [24, 56, 57] .
Case Studies
We demonstrate the usefulness of hot spot information by analyzing the application of FBDD to six targets recently reviewed by Murray et al. [41] . The novelty is that our discussion is based on the analysis of hot spots. For each protein we downloaded a structure (ligand-free, where available), listed in Table 1 , from the Protein Data Bank (PDB) [58] , and determined the binding hot spots using FTMap. As mentioned, each hot spot is identified by a CC of probe clusters [31] .
In Figures 1 to 3 , each probe cluster in a CC is represented by a single structure to avoid overcrowding. All representative probes in a CC have the same color. All ligands and crystallographic water molecules were removed from the structures prior to mapping, and the ligands shown in Figures 1 to 3 were superimposed on the mapping results for reference only. A detailed examination of interactions between the protein and a fragment hit can provide important information on the chemotypes that are recommended to use [41] . However, here we focus exclusively on what can be learned from analysis of hot spots, and thus do not provide a detailed analysis of protein-fragment interactions. As will be shown, in the first four examples the initial fragment hit overlaps with the primary hot spot very well [i.e., the fractional overlap (FO) > 0.8], and the fragment is completely conserved in the lead compounds, at least in the early stages of optimization. By contrast, FO 0.8 for the fragment hits obtained for the last two targets (BACE-1 and CDK2, discussed later), and the fragment structures were used only for determining key interactions rather than fully retained within the leads. For these targets the binding modes became conserved only when the compounds were expanded to reach several hot spots. Heat Shock Protein 90 Heat shock protein 90 (HSP-90) has been targeted using FBDD by several companies [41] [42] [43] 59, 60] . Astex screened 1600 fragments using NMR ligand-observed gradient spectroscopy, and 125 were further subjected to X-ray crystallography [43] . Several different chemotypes were identified, including 2-methyl-4-diethylamide-phenol ( Figure 1A ). The fragment overlaps very well with CC1 (FO = 0.91; see Box 2 for definition), and also extends into CC2 and CC5 that overlap with CC1, predicting good conservation of the fragment binding mode. Indeed, replacing of OMe by a hydrophobic moiety, incorporating a second hydroxy group onto the phenol, and adding a phenyl ring at the diethylamide, did not cause any change in the binding mode of the core ( Figure 1B) . The additional moieties further improved the overlap with CC1 to FO = 0.98, and dramatically improved the binding affinity, improving K d from 790 000 nM to 0.54 nM. Further addition of a methylpiperazine group improved physicochemical and pharmacokinetics (PK) properties, but the added moiety did not interact with any strong hot spot and hence did not improve the affinity (K d = 0.71 nM) [61] , and the binding mode of the core fragment remained invariant ( Figure 1C) . Figure 1D shows a novel benzolactam inhibitor that was designed to optimize selectivity versus the HSP-90 endoplasmic reticulum and mitochondrial isoforms (GRP94 and TRAP1, respectively) [62] . Although this inhibitor has a different chemotype, the position of the phenyl ring in CC1 remained essentially invariant. The benzolactam inhibitor reaches CC3 but overlaps less well with CC5 than the other three inhibitors discussed earlier. Since CC3 is stronger than CC5, we might expect that the affinity will further improve. However, the K d value is only 5 nM, perhaps because trying to reach a hot spot far from CC1 requires bridging regions of the surface that have no hot spots, and hence do not contribute much to the binding free energy. BRAF BRAF is the target of the FDA-approved drug vemurafenib (Zelboraf, PLX4032) [63] [64] [65] . Figure 1E shows N-phenyl-1H-pyrrolo [2,3-b] pyridin-3-amine that was found from a biochemical screen of a kinase-focused library [65] . Although this is a fragment-sized compound and was used for the design of larger inhibitors, the Plexxikon approach is more chemogenomic in nature, that is, they had developed target-focused libraries of skeletons (MW 150-350) rather than a true fragment screen. From the initial screen, 238 compounds were selected for cocrystal analysis: the compounds were mixed with recombinant kinase domains from various kinases that the compounds bound in buffers, resulting in 100 structures. In particular, the N-phenyl-1H-pyrrolo [2,3-b] pyridin-3-amine (IC 50 = 100 000 nM) was cocrystallized with the serine/threonine kinase Pim-1. However, the compounds in Figure 1F -H are shown bound to BRAF, and the hot spots were also determined by mapping a BRAF structure. As shown in Figure 1E , the 1H-pyrrolo [2,3-b] pyridine moiety overlaps well with CC1 (FO = 0.99), assuring stable binding. Indeed, the position of this moiety is only slightly different in the compound PLX4720 ( Figure 1F ), although the latter was cocrystallized with BRAF rather than Pim-1. The overlap with CC3 is substantially improved, and PLX4720 reaches into both CC2 and CC4, resulting in much higher affinity (IC 50 = 13-160 nM). The excellent overlap with CC1 and CC3 assures perfect conservation of the core during further optimization resulting in PLX3203 and vemurafenib (PLX4032), shown in Figure 1G ,H, respectively.
Protein Kinase B and A Protein kinase B and A (PKB/PKA) inhibitors have also been developed by Astex Therapeutics using FBDD. CC1 of PKB has two well-defined ring positions. Figure 2A ,B, respectively, shows the core fragment and a highly potent derivative [66] . conserved [67, 68] . Both inhibitors extend into CC3, and are potent, with IC 50 values of 5 nM and 2.1 nM, respectively.
Urokinase-type Plasminogen Activator Urokinase-type plasminogen activator (uPA) is also a good target for FBDD ( Figure 2E,F) [69] . Although the overlap is not perfect, according to our measure the fragment in Figure 2E [69] covers a large fraction of the small CC1 (FO = 0.92), which explains the good conservation of the binding mode as the fragment is extended into CC2 ( Figure 2F ), which improved IC 50 from 1 mM to 72 nM [69] . Figure 2G ,H shows inhibitors with different chemotypes. Both inhibitors have moieties in CC1 that have even better overlap with the primary hot spot than the compounds discussed earlier, also extend into CC2, and have very high affinities, with K i = 11 nM [70] and IC 50 = 25 nM [71] , respectively.
b-Secretase b-Secretase (BACE-1), an aspartic protease, plays an important role in Alzheimer's disease, and has been a challenging target [72] . HTS, virtual screening, and rational design of transition state analog inhibitors all led to compounds with an ill-defined structure-activity relationship (SAR) and noncompetitive behavior [72] . Inspection of this enzyme shows a large and complex binding pocket containing a number of subpockets, with five partially overlapping hot spots. Nevertheless, fragment screening resulted in some early hits [73] , which were followed up by successful FBDD campaigns [74, 75] . For example, Figure 3A shows a thioamidine core fragment identified by Schering-Plough researchers [76] . In contrast to the other targets we have discussed so far, in BACE-1 this fragment does not overlap well with CC1 (FO = 0.6), and hence conservation of the binding mode is not assured. In fact, this core fragment was used only for identifying interactions with the catalytic aspartate groups of the protease [77] , and structure-based design was then used to generate compounds that could exploit similar interactions but in different compound scaffolds, for example, Figure 3B (IC 50 = 605 nM) [77] . Neither the chemotype nor the binding mode of the initial fragment was retained. However, this inhibitor has better overlap with both CC1 and CC3, which seems to stabilize the binding mode. Indeed, the recently developed inhibitors reported by Lilly [78] ( Figure 3C ) and by Amgen [79] ( Figure 3D ) retain the binding mode of the Schering-Plough compound, making similar interactions with CC1, CC3, CC7 (overlapping with CC1), and CC8.
Cyclin-Dependent Kinase 2 Cyclin-dependent kinase 2 (CDK2) is the sixth target discussed by Murray et al. [41] as an example of successful FBDD application [80] . Figure 3E shows one of the fragment hits identified by Astex using X-ray crystallographic screening. The fractional overlap with CC1, located in the binding site, is borderline (FO = 0.8), which does not necessarily predict the conservation of the binding mode. In fact, the fragment was used only for determining some key interactions, and the system was simplified by removal of the fused benzene ring to afford the pyrazole [80] .
Although the resulting inhibitor shown in Figure 3F is weak (IC 50 = 850 nM), it has better overlap with CC1 and CC3, predicting conservation of the binding mode. Indeed, the inhibitor shown in Figure 3G binds exactly the same way. The newly added difluorophenyl group reaches into CC5 and results in a substantial improvement of binding (IC 50 = 3 nM) [80] . Finally, Figure 3H shows an inhibitor that, while retaining some of the interactions with the hot spots, has a different chemotype, and also has fairly high affinity (IC 50 = 17 nM) [81] .
Hot Spots and Ligand-Binding Mode
To further illustrate the relationships between hot spots and ligand binding, in Table 1 we show FTMap results for 23 proteins. The first six are the FBDD targets [41] already discussed, and the others taken from the papers on druggability by Huang and colleagues [82, 83] . As before, for each protein we downloaded a (preferably ligand-free) structure, also listed in Table 1 , from the PDB [58] , and determined the binding hot spots using FTMap. We then extracted all structures, cocrystallized with small ligands, from the PDB. For each target protein, we show the number of hot spots in the functional site and list these hot spots, including their ranks, the number of probe clusters in the CC that defines each hot spot, and the number of ligands that come within 1 Å of any probe in the particular hot spot.
The first observation from the results in Table 1 is that, in agreement with the finding for the FBDD targets, the largest consensus cluster CC1 is in the functional site for all but one of the proteins. The exception is cyclooxygenase-2 (COX-2), where CC1 is located at the edge of the hemebinding site, such that the strongest hot spot in the active site is CC2. The second observation is that CC1 includes at least 16 probe clusters, which was previously defined as a requirement for druggability [23, 24, 39] . This is not unexpected, since these proteins have highly potent ligands. Table 1 contains one exception to the druggability rule, HMG CoA reductase, which has only 14 probe clusters in its strongest hot spot. HMG CoA reductase has potent statin inhibitors [84] , and thus is obviously druggable. This contradiction is due to the fact that statins occupy only a fraction of the large binding site. While this is enough to block access of the substrate to the active site, the unoccupied region also includes a number of hot spots, which attracts probes away from the main binding site reducing the number of probe clusters overlapping with the inhibitor [84] . Since these additional hot spots are far from CC1, located in the statin-binding pocket, they are not listed in Table 1 .
Our third observation is that more than 95% of ligands interact with CC1 in all but one of the proteins. In this case the exception is acetylcholine esterase (AChE) that, in addition to the main acylation (A) site, is known to have a peripherial (P) site [85] . Five of the 45 AChE ligands in the PDB bind at this P site, blocking access to the A site without directly occupying it. Since the existence of two binding sites in AChE is well known, this does not impact the conclusion that CC1 always serves as the main anchor for the majority of ligands. Fourth, all targets considered here have at least one secondary hot spot that also participates in ligand binding. In proteins with only two hot spots in the ligand-binding site, essentially all inhibitors are anchored by these two hot spots (Table 1) . Thus, while inhibitors of such targets may have several chemotypes, all must have similar binding modes. For targets with multiple secondary hot spots, the number of potentially different binding modes increases. For example, disregarding the small number of nontypical ligands that do not start from CC1, with two secondary hot spots the number of potential binding modes is three: two spanned by CC1 and one of the secondary hot spots, and one spanned by all three. Of course, it is possible that only the last provides high enough affinity. Similarly, with three secondary hot spots the number of different potential binding modes is seven: three spanned by two hot spots; three spanned by three; and one by all four. Thus, the number and arrangement of hot spots limit the potential binding modes of all ligands.
Concluding Remarks
Over the past two decades, experimental fragment-based screening has become widely used for lead identification. We have described how the concept of binding energy hot spots, determined using computational analogs of these methods, can provide crucial insights into how the structure of a particular target protein dictates the likelihood of success in identifying fragment hits, and into the prospect that a particular fragment hit can be advanced into a highaffinity, drug-like ligand. This analysis additionally resolves longstanding questions concerning when a fragment, obtained by deconstructing a larger ligand, will retain its binding position, and into the nature of ligand-binding sites and the assessment of protein druggability in general. The key lesson is that it is the strength of the top-ranked hot spot, CC1, that determines what fragment hit rate can be expected. A minimum strength for CC1 is also required for a site to be druggable with regard to larger ligands, as illustrated here by our analysis of a set of drug targets, which revealed the key role that CC1 plays in ligand binding. Furthermore, the degree of overlap with CC1 determines whether a moiety of a larger ligand will display a robust binding mode when experimentally tested as a separate fragment, and conversely whether a fragment hit has a binding mode that is robust enough to support expansion into a higher affinity ligand. The presence of secondary hot spots within a short distance of CC1 is additionally required to support binding of a full-sized ligand with high affinity for the target. Thus, the locations of these secondary hot spots can help guide the elaboration of a fragment hit, through medicinal chemistry, into a high-affinity, drug-like ligand, as illustrated by the analysis of several examples where FBDD was successful. Overall, we believe that published data are now sufficient to provide a sophisticated and quantitative understanding of how binding energy hot spots derive from a protein 3D structure, and how the strength, number, and spatial arrangement of hot spots govern the potential for a surface site to bind to fragment size and larger ligands. This improved understanding provides important guidance for the effective application of FBDD in drug discovery. Although we believe that determining the binding hot spots using the free FTMap server i provides useful information, we admit that a number of problems, listed in the Outstanding Questions, need further analysis.
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